We introduce a tool for text mining, Dragon Plant Biology Explorer (DPBE) that integrates information on Arabidopsis (Arabidopsis thaliana) genes with their functions, based on gene ontologies and biochemical entity vocabularies, and presents the associations as interactive networks. The associations are based on (1) user-provided PubMed abstracts; (2) a list of Arabidopsis genes compiled by The Arabidopsis Information Resource; (3) user-defined combinations of four vocabulary lists based on the ones developed by the general, plant, and Arabidopsis GO consortia; and (4) three lists developed here based on metabolic pathways, enzymes, and metabolites derived from AraCyc, BRENDA, and other metabolism databases. We demonstrate how various combinations can be applied to fields of (1) gene function and gene interaction analyses, (2) plant development, (3) biochemistry and metabolism, and (4) pharmacology of bioactive compounds. Furthermore, we show the suitability of DPBE for systems approaches by integration with ''omics'' platform outputs. Using a list of abiotic stress-related genes identified by microarray experiments, we show how this tool can be used to rapidly build an information base on the previously reported relationships. This tool complements the existing biological resources for systems biology by identifying potentially novel associations using text analysis between cellular entities based on genome annotation terms. Thus, it allows researchers to efficiently summarize existing information for a group of genes or pathways, so as to make better informed choices for designing validation experiments. Last, DPBE can be helpful for beginning researchers and graduate students to summarize vast information in an unfamiliar area. DPBE is freely available for academic and nonprofit users at http://research.i2r.a-star.edu.sg/DRAGON/ME2/.
Advances in genome sciences, combined with highthroughput technologies, are allowing ''omics'' researchers to obtain large amounts of data that are essential in understanding biology at the systems level. While obtaining global data at the cellular and organellar levels is possible for a growing number of plant biologists, a major bottleneck still remains in the analyses and interpretation of such complex datasets. One of the formidable tasks for most researchers generating high-volume data is to become familiar with the vast amount of existing knowledge on key genes or gene products uncovered in their system. Systems approaches not only help generate this exhaustive parts list, but also have the potential to enhance this level of knowledge, albeit at the expense of increasing complexity. One of the key features that set apart systems biology from the nonsystems approaches is that it helps to identify associations among the elements of the system and eventually to have a predictive value (Kitano, 2002) . In the past, such elements have generally been studied in isolation but in much depth, which has led to the accumulation of a large body of literature on many genes, pathways, and other entities and a limited number on their relationships. Hence, associations that are uncovered or predicted by systems biology need to be evaluated together with the existing knowledge on those elements. Mining of existing literature in relation to the elements of the system being studied is therefore crucial for validating the associations and is useful in designing further experiments.
REQUIREMENTS AND CHALLENGES FOR TEXT MINING IN PLANT BIOLOGY
Any text-mining effort should be able to effectively deal with the diversity of plant-related literature. Plant biology literature is extensive in that it covers diversity in form and function as well as diversity in the molecular and chemical makeup of cells or tissues. The literature is also rich due to the pharmacological effects of many plant natural products. At the genome level, it is well known that nearly 25% of the gene functions are involved in metabolism (Arabidopsis Genome Initiative, 2000; Rensink and Buell, 2004; Nagaki et al., 2004) . These metabolic functions are also quite diverse in various plant species (Dewick, 2002) . The growth in PubMed documents in selected areas of plant biology over the last two decades is represented in Figure 1 . It is not surprising that there has been a steady increase in all the major categories shown here. Few trends emerge from this plot. First, the field of plant development is very active with a steady increase over the last 20 years. Second, the plant gene literature has increased since 1996 but not as rapidly as in other fields shown here. This could possibly be due to the initial burst with the completion of the Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa) genomes. In contrast, the amount of plant biology and Arabidopsis literature on the three major systems platforms, genomics, proteomics, and metabolomics, has seen a significant rise. Hence, if this trend continues, a significant rise in literature arising from the adoption of systems approaches is expected.
Mining of vast literature from the standpoint of a biologist is not trivial. With the exception of secondary literature, such as reviews and book chapters, all scientific reports contain a component of novelty. This novelty not only adds to the existing knowledgebase but also creates an association of concepts with those in many previous reports. The technological capabilities of biological research have even further increased the complexity and volume of information due to the information generated from the large-scale highthroughput approaches in genomics, proteomics, and metabolomics ( Fig. 1) . To obtain the relevant information on the topics of interest has therefore created a challenge for biologists that did not exist earlier to such an extent. It is no longer possible for an individual user to easily extract the relevant rich information on the individual concepts of his or her interest given the current scale of literature, let alone to be able to identify increased number of potential associations between the concepts. For the above reasons, many biomedical text-mining tools that can help in extracting such potential pieces of knowledge are being developed. However, currently none exists for plant biology.
A number of text-mining tools exist that cover different aspects of information extraction from biomedical literature in a variety of domains (Andrade and Bork, 2000; de Bruijn and Martin, 2002; Grivell, 2002; Schulze-Kremer, 2002; Dickman, 2003) . Examples and features of such publicly available systems are given in Table I . However, none of these Web-based solutions is customized for mining plant biology literature, nor are they structured to integrate aspects of cellular function, structure, development, or biochemical mechanisms of plants and, in specific terms, of the model plant Arabidopsis. An effort toward addressing these concerns will require (1) usage of plant-specific vocabularies, (2) an efficient system for extracting information from the text, (3) building relationships between the extracted terms, and (4) representing the associations detected in user-friendly fashion. Looking at the breadth of plant biology and the interests of Arabidopsis researchers, it is also essential for such a system to allow customization and flexibility of use. Keeping in view the state of the art in the text-mining domain and the above requirements, we have developed Dragon Plant Biology Explorer (DPBE; http://research.i2r.a-star.edu.sg/DRAGON/ ME2/).
THE DPBE SYSTEM
The aim of the DPBE system is to find clues on potential associations between different searched components, particularly those that can suggest function of the entity found or association of their functionality with different domains of subcellular, cellular, organ, Figure 1 . Increase in the indexed PubMed entries for scientific reports related to selected domains of plants, including Arabidopsis. Keywords used to search the abstracts in the databases were the same as given in the legend. Pan et al. (2004) or whole-plant function. DPBE complements the existing biological resources by presenting associations that may have been described previously or that are possibly novel. This is possible by integrating the associations and forming their networks based on their relationships. At the core of the DPBE is a collection of nine manually curated vocabularies in combination with the available gene ontology (GO) lists that cover different aspects of plant form, development, biochemistry, genes (including mutants), and gene functions. Selection of different combinations of these vocabularies allows a biologist to analyze biological processes in plants from several domains. This combinatorial use of plant-based, as well as universal, vocabularies together with the visualization of associations in the form of networks feature is unique to DPBE, and none of the existing online resources provides such cross-field and flexible form of integration. The structure of the DPBE system is described at the DPBE Web site under ''System Description'' (Supplemental Fig. 1 ). To use the system, the user needs to (1) collect the targeted documents via the PubMed search engine, (2) upload the file with such documents, (3) select a combination of vocabularies suitable for his or her research interest, and (4) provide an e-mail address to which the results can be sent.
VOCABULARIES USED FOR TEXT MINING IN DPBE
Controlled vocabularies based on standard nomenclatures and GOs can be particularly useful for the purposes of integrating information from various sources, including texts (Kelso et al., 2003; Berardini et al., 2004; Harris et al., 2004) . Hence, we have adopted such vocabularies for text-mining purposes. GOs are structured, controlled vocabularies that describe gene products in terms of their associated biological processes, cellular components, and molecular functions in a species-independent manner. The GO Consortium (www.geneontology.org) is mainly responsible for developing such species-independent vocabularies. At the next level, there are plant-specific vocabularies developed by the Plant Ontology Consortium (www.plantontology.org) for plant structure and for growth and developmental stages. Finally, there are species-specific vocabularies, such as those for Arabidopsis (Berardini et al., 2004 ; http://www. arabidopsis.org/info/ontologies). A combination of these vocabularies can therefore cover general ontologies as well as plant structure and function. However, these ontologies do not include fields of metabolism and biochemistry. Hence, we have created a set of vocabularies for this area, as described here. The functioning of DPBE is based on the use of nine well-controlled vocabularies containing a total of 92,052 terms that cover different aspects of plant biology with special reference to Arabidopsis (Table II) . The vocabularies are organized as follows: (1) one list of Arabidopsis genes consisting of the gene names compiled by The Arabidopsis Information Resource (TAIR; Berardini et al., 2004) , and developmental and other mutants from various sources; (2) an anatomy and plant parts list containing terms developed by TAIR and the Plant Ontology Consortium; (3) a list on the developmental stages developed the same way as described above; (4) three lists of universal biochemical entities, based on metabolic pathways, enzymes, and metabolites derived from AraCyc (Mueller et al., 2003) , BRENDA (Pharkya et al., 2003) , LIGAND (Kanehisa, 1997; Kanehisa and Goto, 2000) , and other metabolism databases; and (5) three lists of universal GO terms relating to cellular components, biological processes, and molecular function, respectively, that are obtained from the GO Consortium.
EXPLORER MODULES OF DPBE
In the input module, the nine vocabularies have been organized into four Explorer modules for ease of choice by users based on their broad fields of interest (Fig. 2) . For advanced users of the system, it is also possible to select any combination of vocabularies as a fifth option. The DPBE explorer modules are as follows.
1. Gene/Protein Function Explorer. This module only refers to the genes and mutant list, which is specific to Arabidopsis. The searches within the system have been made case insensitive; hence, proteins with the corresponding uppercase names are also picked up. Mutants are also included in this search as their lists have been merged with the gene list. 2. Plant Development Explorer. As plant development is a very active area with more than 10,000 reports in PubMed currently (Fig. 1) , we have built this module with components from common plant anatomy and developmental terms, as well as those adopted by the Arabidopsis consortium, TAIR. Based on searches we have performed with this module, we believe that it is useful not only for integrating information from much work on Arabidopsis development but also in connecting the work with that done in other plant species. The plant anatomy vocabularies are especially helpful in localizing the role and expression of developmental genes. 3. Metabolome Explorer. This tool has been developed for performing searches on biochemical, metabolic, and physiological aspects of plant biology. Both Arabidopsis and other plant species researchers can benefit directly from this tool based on the nature and the comprehensiveness of the vocabularies developed here (Table II) In addition, the DPBE system is designed to integrate well with the outputs from systems approaches such as transcriptomics, proteomics, and metabolomics. This part is explained below as part of the section on applications.
TABULAR AND GRAPHICAL OUTPUTS OF DPBE
Once the input information is provided, the system builds the fast indexing schema based on the selected vocabularies and then matches the terms from the vocabularies with the supplied text. The technical details about this process have been described previously (Pan et al., 2004) . When the system has analyzed all documents, it produces two categories of reports: tabular and graphical (Fig. 3) . Several types of tables are generated for the users. The first type of table provides a list of all terms found with an indication of the number of documents with the term, as well as with links to the original PubMed documents. Another tabular report lists the most frequently referenced documents, so that the relevance of the document can be indirectly assessed and the user can select the most ''informative'' ones. The third tabular report provides a list of pairs of terms (we call this ''association'') based on the frequency of their co-occurrence in the same document. In all these reports, the terms identified are color marked and linked to the original documents for easier inspection. A second set of reports is generated in DPBE, where the documents are clustered by the self-organizing maps artificial neural network based on the terms identified in the documents. Documents with similar content tend to be clustered together. This allows the user to select more related groups of documents for further study from the large volume of the originally collated document set.
Finally, DPBE presents the associations between the terms from vocabularies in a graphical format. Depending on the topic of analysis and the vocabularies chosen, many association networks can be very complex. We have therefore built in a flexible mechanism of choosing vocabularies to handle this complexity. The user is provided with an option to control the minimum number of co-occurrence of pairs of terms that will be shown in the network. The higher this number, the less complex will be the network presented to the user. If the user wants to inspect the association networks in more detail, the threshold can be lowered. The nodes in the network represent the different terms identified from the vocabularies selected by the user. Each varies in shape and color corresponding to the vocabulary to which the term belongs. All nodes are linked to the set of original documents from which the information about linking the node/term is extracted. This is done to allow users to inspect the PubMed abstracts directly for the associations proposed by DPBE.
Several networks of association could be generated as part of the graphical output. There are two reasons for the generation of multiple networks from a single set of documents. First, separate networks are generated when the terms found in one network do not cooccur with the terms from the other networks. Second, depending on the topic of the literature search, even with very specific selection of documents the resulting networks could be very complex. To allow users to view these networks in the browser, an automatic partitioning procedure has been implemented to split a large network into several smaller networks (Pan et al., 2004) . Users can minimize this by selecting fewer vocabulary lists and making their selection of documents even more specific.
LIMITATIONS AND EXPECTATIONS FROM DPBE USAGE
The outputs of the DPBE system are not biological networks and should not be taken to be so. Since this system analyses co-occurrence of terms within the document and since the documents analyzed are abstracts of scientific reports that present summaries of the most important findings, there obviously exists a loose relation between the co-occurring terms. However, the actual nature of these relations is not analyzed by the system. It is left to the user to accept or reject the association proposed by the system. For this reason, links are provided to view and quickly review the relevance of PubMed abstracts. The second issue is the completeness of information or lack of it. Since the analyzed documents are abstracts, it is unlikely that the system collects all relevant information on the association of terms. An ideal situation would be the mining capability for full texts, which the core toolset presented here can perform. However, owing to the lack of availability of the full texts from many sources, we have restricted the current version to PubMed abstracts. Thus, the resultant association maps will only represent a subset of all possible relationships. Last, the time frame of analysis has to be kept in mind while submitting the queries. Most of the analysis time is spent on the generation of complex association map networks. Sometimes, the networks produced are so large that they cannot be opened and viewed in the Internet browser. A more specific selection of documents is then suggested, as well as the selection of smaller number of vocabularies for use in the analysis.
SELECTED APPLICATIONS OF THE DPBE SYSTEM
Here, we describe four examples to showcase the ability of the DPBE system to help integrate knowledge from various fields of plant biology, with special reference to Arabidopsis. These examples cover gene functions, biochemistry, and pharmacology of plant natural products. They are also based on single entity analysis and a list of genes from gene expression profiling data. The complete interactive versions of the networks for the four examples, as shown in Supplemental Figures 2 to 5; their starting PubMed abstract lists; and the parameters used for their generation are provided at the DPBE Web site (http://research.i2r. a-star.edu.sg/DRAGON/ME2/) under ''Examples.''
Integrating Biochemistry and Gene Function Knowledge in Developmental Biology
We were interested in finding examples of metabolites that affect gene function and displaying networks of how they may bring about this effect. This analysis was done in two parts. In the first part, a very broad text-mining exercise was conducted to identify some associations of biochemical entities and developmental genes. In the second part, one of the developmental genes identified in the first part was chosen for analysis by gene function association networks. For the first part, a set of 11,780 PubMed abstracts was selected with the broad keywords ''plants'' and ''genes'' from PubMed. Only two vocabulary lists were selected, namely, ''metabolites'' and ''genes'' (including protein and mutant names). Tables showing clusters of terms were then screened to find association of metabolites with some of the wellstudied developmental genes. In this analysis, one of the more cited cases was that of the plant growth hormone GA and the well-studied Agamous (AG) gene of Arabidopsis. From among the association networks, the display network 5 with minimum number of links selected per node as two displayed the GA-AG connection via the gene RGA (Supplemental Fig. 2A ). This connection was established only recently . The GA network showed the association of (1) biosynthetic metabolites and enzymes such as entkaurene and GA oxidase; (2) GA signal transduction molecules such as RGA, SLY 1, and SPY; and (3) of studies involving multiple growth hormones.
The second part of this analysis focused on the well-studied case of AG. A set of 12,494 PubMed abstracts on ''flowering'' were submitted to the DPBE system together with three vocabulary lists: genes, anatomy, and development. A part of the largest network showing association of AG with 28 other genes is shown in Supplemental Figure 2B . There were other networks from the same analysis that also showed additional associations of AG with other entities from the three lists selected here. The early transcriptional program controlled by AG was described recently (Gomez-Mena et al., 2005) . Nearly all the genes found in the AG association network shown here and from two others (data not shown) are described in that report.
Biochemistry and Pharmacological Effects of Plant Natural Products
Several types of pharmacological effects were uncovered in the course of testing DPBE. While three preanalyzed association network maps with interactive nodes are displayed at the DPBE Web site, here only one example is provided (Supplemental Fig. 3 ). For this analysis, a set of 10,997 PubMed abstracts containing the keywords ''plants'' and ''alkaloids'' was submitted for text-mining analysis by the DPBE system. Only two dictionaries, metabolites and anatomy, were chosen. Display network 5 with a setting of minimum of two links per node showed the associations for several types of alkaloids and with the vasodilator, histamine. As many as 258 networks were generated, likely because of the reasons given above. Alkaloids from at least five different routes of synthesis were captured (Dewick, 2002) . Some of the alkaloids in one part of the network shown here are capsicain, scopolamine (hyoscine), phytostigmine, papaverine, and pilocarpine. In the same part of the network, the tropane alkaloid biosynthesis metabolite, tropic acid, was also captured by the system. In a different part of the above network, association of several alkaloids with noradrenaline was displayed. In network 2, with a setting of minimum of two links per node, association of several alkaloids on the human catechol hormones, norepinephrine and phenylephrine, was displayed. This interactive network can be accessed at the DPBE Web site under the section ''Examples.'' Hence, the DPBE system condensed more than 10,000 documents into several major networks that summarized most of the effects of alkaloids. As a result, more focused searches can be performed as has been described for the plant development case above.
Application of DPBE Analysis for Small Sets of Documents
To test the utility of DPBE in analyzing small sets of documents, a PubMed search was performed using the term ''Arabidopsis and brassinosteroid.'' This resulted in a small number of 108 documents, which were analyzed by selecting two vocabularies (genes and metabolites). The resulting network 1, with a setting of two links per node, showed connectivities of many aspects of brassinosteroid work (Supplemental Fig. 4) . Brassinosteroid biosynthetic and signal transduction pathway members, together with genes involved in cross talk with other hormones, were displayed. Hence, the DPBE analysis allowed merging of existing knowledge from multiple aspects of brassinosteroid biology into few association networks.
Integrating the DPBE System with Results from Systems Approaches
The DPBE system has been designed to integrate lists of biological entities emerging from three major levels of systems approaches used frequently: transcriptomics, proteomics, and metabolomics. A list of differentially affected entities, such as genes, proteins, or metabolites that are identified by such approaches, can be submitted as inputs for analysis by the DPBE system. However, owing to the heavy computational needs, this feature has been restricted to offline usage. Specific instructions are provided at the DPBE Web site for ''omics'' researchers on their data submission and output handling needs. Metabolomics researchers can use their list of differentially affected metabolites with the ''metabolites'' and possibly a plant part vocabulary together, depending on the number of texts submitted. Outputs of microarray and proteomics experiments can be performed in ways similar to the one described below.
Here, we present an example of detailed text analysis based on a recent transcript profiling study of genes affected by the well-known stress response regulator DREB1A of Arabidopsis (Maruyama et al., 2004) . The authors performed a number of wellcontrolled experiments to identify a highly specific set of 22 genes that are affected by DREB1A. In addition, detailed validation experiments were performed to arrive at their final list of affected genes. The list of 22 genes is available at the DPBE Web site under the section ''Examples.'' A set of 3,221 PubMed abstracts was collected using these gene names for keyword searches and submitted for analysis by DPBE. From the networks generated, the lowest value of one link per node was chosen to capture as many associations for a single gene as possible. In network 3, 16 of the 22 genes from in the original microarray dataset were present in the associations. One of the most cited genes was identified in the same network as RD29A, whose name was associated with at least 48 other genes, including DREB1A, as expected. Part of this network surrounding RD29A is shown in Figure 4A , and the full network is shown in Supplemental Figure 5 . Because many of the genes present in the network seemed to belong to various biological pathways, we analyzed the text further from the linked PubMed abstracts using the color coding there to rapidly screen the contents.
A total of 37 PubMed abstracts linked to the RD29A node, and its nearest connected links were collected from the network shown in Figure 4A . The interactive network, color-coded abstracts, and the complete list of 37 references are available at the DPBE Web site under ''Examples.'' These abstracts were manually scanned specifically for the entries highlighted with various colors, which simplified the screening procedure. The color-coded entries were then binned into five groups, namely, drought, cold and osmotic stress, hormones, and others based on the presence of these words within the respective abstracts. These entries were then connected to RD29A and with others, using terms for relationships (such as coregulated, up-regulated, and repressed) as given in the same abstracts. No additional searches or abstracts were used for this analysis. Hence, within a short period of time, the interactive network combined with the colorcoded entries generated in the PubMed abstracts by the DPBE system allowed us to zoom-in to a key node (of RD29A) and develop a network of relationships based on experimentally verified data (Fig. 4B ). While this analysis may not be complete as it is based solely on one network generated by DPBE, we present these results to demonstrate how the graphical outputs and color-coded entries in texts generated by the system can ease interpretation and capture most significant parts of the existing literature to develop networks, as Figure 4 . The systems approach module of the DPBE system. Analysis of an association network generated from DPBE, based on 3,221 PubMed abstracts related to 22 genes identified from a transcript profiling experiment of the stress regulator DREB1A (Maruyama et al., 2004) . A, Part of network 3 with setting of one link per node is boxed to highlight the RD29A associations. Note the large number of genes belonging to different biological pathways that show association with the common stress-responsive gene RD29A. The portions of the network from above and below the RD29A node are connected here with dashed arrows. The full network is presented in Supplemental Figure 5 . B, A biological network of gene expressions in relation to RD29A expression is shown here. Color-coded entities in the linked abstracts of the DPBE association network were put into the five bins, represented by the ovals. Their relationships to each other and with RD29A (such as up/down-regulation, coregulated) were then superimposed. The numbers in the boxes refer to the publications that are provided in the ''Examples'' section at the DPBE Web site. The asterisks mark the genes that were present in the list of 22 input gene names. Note the additional gene associations identified by the DPBE system. shown in Figure 4B , which are derived directly from experimental data. Such derived networks therefore have direct biological evidence.
In conclusion, we have developed an online tool that provides flexibility in choosing combinations of gene lists, GOs, and lists of biochemical entities to mine plant biology text, with special reference to Arabidopsis, to build and display association map networks. This system allows researchers to obtain an integrated view of such information from existing literature on a wide range of fields of study. DPBE can be exploited by researchers using systems approaches to gain information on lists of cellular entities in a short period of time. We hope this tool will be especially useful for researchers in handling the knowledge that has to be gained rapidly from the outcomes of such dataintensive approaches. Also, we hope this tool will be useful for beginning researchers and students for becoming familiar with the rapidly advancing fields in a short period of time.
